The current prognosis for patients with malignant brain tumors remains poor. 26 Malignant gliomas are the most common primary brain tumor. Despite the use of surgery, radiotherpy, and chemotherapy, the 2-year survival rate remains less than 20%. Patients harboring malignant melanoma, one of the most common tumors to metastasize to the CNS, survive approximately 3 months after symptoms first occur. 33 Of patients with malignant melanoma, 20 to 30% develop cerebral metastasis. Breast cancer is the second leading cause of cancer-related death in American women. In 1997, more than 40,000 women died of the disease. Brain metastases occur in 15 to 30% of patients with breast cancer. The 2-year survival for these patients, despite the provision of optimum conventional therapies, remain poor. Thus, new and innovative forms of effective treatments are urgently needed for both primary and metastatic malignant CNS tumors.
effectiveness of this type of immunotherapy for malignant neoplasms.
Some of the molecular techniques used by our laboratory and others to augment the immune response to tumor cells include: 1) genetic modification of cells to secrete immune-augmenting cytokines such as IL-2, GM-CSF, IFN, and IL-12; 2) genetic modification of the cell to express foreign (allogeneic) MHC determinants; 3) genetic modification of cells to express costimulatory molecules, such as B7, required for T cell activation; 4) genetic modification of cells to express tumor-associated antigens; 5) use of tissue-specific promoters; and 6) modification of delivery technique, as, for example, systemic compared with intracerebral immunization. We will explore these methods of augmenting the immune system.
SYSTEMIC CYTOKINES
Recent advances in our understanding of the biological nature of the immune system have led to the identification of numerous cytokines that modulate immune responses. 5, 10, 11, 21, 25, 31, 35, 38 These agents mediate many of the immune response involved in antitumor immunity. Several of these cytokines have been produced by recombinant DNA methodology and evaluated for their antitumor effects. Cytokines have been used in systemic therapy for tumors outside the CNS. In particular, systemic biological therapy IL-2 has been shown to cause significant antitumor effects in patients with advanced metastatic melanoma or renal cell cancer. 34, 36 Interleukin-2 has no direct toxic effect on cancer cells. Its antitumor activity is mediated by modulation of the host's immunological response to the neoplasm. Interleukin-2 is required for the growth of cytotoxic T lymphocytes (CD8+ cells), and it stimulates the cells to engage in cytotoxic activity. It enhances the activity of natural killer/lymphokine-activated killer cells, which possess antitumor activity, whereas the CD8+ cells provide antigen-specific antitumor functions. Activation of both of these cell types most likely is required for the optimum opportunity for tumor rejection. Another cytokine, IFN␥, induces the expression of MHC Class I determinants and augments the sensitivity of tumor cells to cytotoxic T lymphocyte-mediated lysis. Recently, attention has been given to IL-12, which activates antigenpresenting cells for antitumor rejection. Thus, the weakly antigenic neoplastic cells may become immunogenicstimulating antitumor immune responses as a result of the presence of these cytokines.
Use of IL-2 in the treatment of patients with high-grade gliomas has been actively pursued, particularly since it was observed that such patients may have both a decrease in IL-2 production and IL-2 receptor expression. 37 However, significant antitumor effects have not been found when treating patients who harbor gliomas with cytokines. 2, 27, 28, 44 Immunotherapeutic attempts against gliomas have involved the systemic injection of intrathecal and intratumoral autologous lymphocytes and/or the administration of various cytokines that might enhance the immune response. 2, 27, 28, 39, 44 Systemic administration of cytokines as well as lymphokine-activated killer cells has been attempted, but success has been limited. 2, 27, 28, 44 Some of the failures, observed in the clinical trials in which patients with gliomas received systemic IL-2 vaccinations, may be secondary to adverse effects of the therapy. Interleukin-2 causes an increase in vascular permeability that leads to accumulations of fluid in body compartments and possibly to intracerebral edema. Because the administration of IL-2 does not result in neutropenia or immunosuppression, patients are not susceptible to the opportunistic infections frequently observed following treatment with chemotherapeutic agents known to suppress the immune system. However, the CNS toxicity that commonly occurs with this form of treatment limits the amount of IL-2 that can be administered. 27 Interferon-␥ has been found to inhibit the in vitro growth of glioma cell lines. 7 Many of the findings established using brain tumor cell lines have not been observed in vivo, and most of the in vivo studies involve the treatment of tumors in immunodeficient nude mice. 45 The relevance of these models to human disease is uncertain.
GENE THERAPY
The use of gene therapy for the treatment of patients with malignant tumors provides a new method for the delivery of cytokines. Transduction of various cytokinespecifying genes into malignant cells as well as cytokine secretion by the cells themselves has also resulted in an augmentation of their immunogenic properties. Transfection of the human IFN␥ gene into human glioma cells has been shown to lead to an inhibition of growth when the tumor cells were exposed to lymphokine-activated killer cells. 29 In a human glioma cell line significant inhibition of tumor growth in nude mice was observed when an IL-4-secreting cell line was implanted subcutaneously in addition to the glioma cells. 45 A similar effect was also observed when the tumor and IL-4-secreting cells were injected intracerebrally. Rats injected subcutaneously with 9L gliosarcoma cells transduced with the IL-2 gene demonstrated tumor eradication, but only minimal effects were seen when the cells were injected intracerebrally. 32 In other studies it was found that GM-CSF-transduced nonreplicating (irradiated) melanoma cells administered as a subcutaneous vaccine, but not following an intracranial injection, conferred some protection from intracranial challenge with wild-type melanoma. 41 In contrast, the direct intracranial injection of nonreplicating (irradiated) melanoma cells secreting IL-2 was protective, whereas injection into one flank with IL-2-producing cells was not. However, a synergistic antimelanoma response was achieved in the brains of mice harboring melanoma when the subcutaneous injection of nonreplicating melanoma cells genetically engineered to secrete GM-CSF as a vaccine was combined with the local administration of IL-2. 41 These findings provide a basis for the application of cytokine delivery to brain tumors both as a systemic vaccine and/or via local administration.
Genetic engineering techniques can also be used to deliver cytokines to an intracranial tumor, and this method involves the use of replication-competent herpes simplex viruses. 1 In recent studies, it was reported that a herpes simplex virus modified for the expression of IL-4 resulted in a significant prolongation of survival in mice harboring intracranial glioma. Furthermore, an inflammatory reac-R. P. Glick, T. Lichtor, and E. P. Cohen tion was seen in the brains of the treated animals. It was composed primarily of CD8+ and CD4+ T cells, suggesting a specific immunocytotoxic antitumor response.
ALLOGENEIC IMMUNOGENE THERAPY
The use of genetically engineered allogeneic cells as a delivery vehicle for cytokines may be an attractive alternative method of cytokine therapy. In our laboratory, we introduced the gene for IL-2 into a mouse fibroblast cell line (LM) expressing defined MHC determinants (H-2 k ). We tested the immunotherapeutic properties of these allogeneic IL-2-secreting cells in C57Bl/6 mice harboring Gl261 glioma in both subcutaneous and intracerebral models. 14, 15, 24 We found that in mice with an intracerebral malignant glioma treated by injection into the tumor bed of allogeneic fibroblasts genetically modified to secrete IL-2, survival was significantly prolonged compared with that of untreated control mice injected with glioma cells alone (Fig. 1) . 15, 24 Furthermore, using a 51 Cr release cytotoxicity assay, a significant and specific antiglioma immunocytotoxic response was detected in the animals treated with the allogeneic IL-2-secreting fibroblasts ( Table 1 ). The intracranial implantation of the modified fibroblasts was shown to be without detectable toxicity, and the animals exhibited no neurological deficit.
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* The C57BL/6 mice received a single intracerebral injection of (10 5 Based on these experiments, we extended our studies to the treatment of intracerebral metastatic cancer. In prior studies, immunity to melanoma and prolongation of survival was seen in mice with peripheral melanoma that were treated with allogeneic fibroblasts genetically engineered to secrete cytokines. 22, 23 We found that in mice with an intracerebral malignant melanoma in which allogeneic fibroblasts genetically modified to secrete IL-2 were injected into the tumor bed, survival was significantly longer than that in untreated control mice injected with melanoma cells alone. 15 In these experiments, IL-2-secreting fibroblasts were cotransfected with genomic DNA from B16F1 melanoma cells to generate fibroblasts that secrete IL-2 and express melanoma-associated antigens (RLBA-IL-2). Specific and significant antimelanoma immunocytotoxic responses were found in mice with intracerebral melanoma treated with either an intracerebral or subcutaneous injection of RLBA-IL-2 cells, although prolongation of survival was only demonstrated in the animals that received an intracerebral injection of the treatment cells. Like other allografts, the cells were eventually rejected, preventing the possible growth of the vaccine itself in the tumor-bearing mice (Fig. 2) .
We next investigated whether an intracerebral metastatic breast tumor can be treated successfully with this cellular vaccine when allogeneic fibroblasts are used as a novel vehicle for the delivery of IL-2. Using the EO771 breast cancer cell line-a spontaneously arising breast cancer tumor produced in C57BL/6 mice-we intracerebrally injected 10 5 EO771 cells into the right frontal lobe along with a single intratumoral injection of 10 6 allogeneic fibroblasts genetically engineered to secrete IL-2. The allogeneic fibroblasts transfected with the IL-2 gene formed large quantities of IL-2 as measured by an enzyme-linked immunosorbent assay. Groups of control mice were treated with either: 1) allogeneic fibroblasts transfected with the retroviral vector but not the IL-2 gene; or 2) media. We found a significant prolongation (p Ͻ 0.005) of survival in animals with intracerebral metastatic breast cancer that were treated with IL-2-secreting allogeneic fibroblasts only. Four of 10 mice in the IL-2-treated group did not develop tumors and were long-term survivors. These mice underwent intracerebral tumor rechallenge at 90 days but without treatment cells, and the findings were compared with those obtained in four naïve mice receiving intracerebral tumor. Again, the animals that previously had been treated with IL-2-secreting fibroblasts had a markedly prolonged survival (p Ͻ 0.05) compared with control mice following a second challenge with tumor cells; this result suggested the production of "immune memory." This work represents a new treatment for breast cancer metastatic to the brain in which we use a cellular vaccine consisting of allogeneic fibroblasts genetically engineered to secrete cytokines as a novel means for delivery of immunogene therapy; further, it demonstrates the induction of long-term immunity against tumor (Fig. 3) .
ALTERATION OF MHC: ALLOGENEIC COMPARED WITH SYNGENEIC
The decision to use allogeneic rather than syngeneic cells in the cellular vaccine was based on evidence that allogeneic MHC determinants augmented the immunogenic properties of the tumor vaccine. 9, 12, 17, 19, 30 Hammerling, et al., 17 transfected genes for allogeneic MHC antigens into mouse fibrosarcoma cells, and the cells; immuno-
Neurosurg. Focus / Volume 9 / December, 2000 genic properties were increased as a result. Hui, et al., 19 found that immunization with a k haplotype tumor modified by introducing the gene of H-2K b led to an antitumor cellular immune response in k haplotype mice. OstrandRosenberg, et al., 30 Fearon, et al., 9 and Gattoni-Celli, et al., 12 have reported analogous results.
Because the fibroblasts used in our previous studies were allogeneic in C57Bl/6 mice, presentation of tumorassociated antigens may have followed antigen uptake by antigen-presenting cells of the host with the tumor antigens processed and presented to cytotoxic T cells of the host. Conceivably, the immunogenic properties of the allogeneic cells would be enhanced if the fibroblasts were modified to form syngeneic H-2K
b Class I determinants. The self MHC Class I determinants might provide a mechanism for the direct presentation of antigenic peptides to cytotoxic T lymphocytes of the tumor-bearing host, further enhancing the cells' immunogenic properties.
To investigate this question, a plasmid (pBR327H-2K b ) was used to introduce expression-competent genes for H-2K b determinants into the fibroblasts. In initial studies, we found that intratumoral administration of a cellular vaccine, consisting of fibroblasts that expressed both syngeneic and allogeneic MHC determinants, prolonged survival of mice with either subcutaneous gliomas or melanoma and that it induced an antitumor immune response. 8, 13 We found a further prolongation of survival, complete tumor regression in some cases, and an increased immunocytotoxic response in mice with intracerebral gliomas treated with this allogeneic/syngeneic vaccine. 13 Two possible mechanisms may explain the immune response of mice treated with the allogeneic/syngeneic cells. Large numbers of cytotoxic T lymphocytes with specificity toward tumor-associated antigens may have been generated in the microenvironment of allograft recognition and rejection. The immunogenic properties of tumor cells transfected with genes specifying allogeneic determinants are supportive of the interpretation. In addition, MHC Class I genes that share identity with the tumor-bearing host may present tumor-associated T-cell epitopes directly to cytotoxic T lymphocytes. Fibroblasts can act as efficient antigen-presenting cells; 3,40 they form B.7.1, a costimulatory molecule required for antigen-specific T-cell activation, as well as MHC Class I determinants. Our antibody depletion 51 chromium release studies demonstrated that a specific CD8+ immunocytotoxic response against glioma was stimulated by immunization with the allogeneic/syngeneic IL-2-secreting cells. Thus, our studies demonstrated that the immune response could be augmented by genetic modification of one cell to form syngeneic MHC and to secrete immune-augmenting cytokines.
The genetic modification of a cell line rather than cells from a primary neoplasm has other important advantages for use in tumor treatment. Modification of neoplastic cells obtained directly from tumor-bearing patients may be difficult. A primary tumor cell line, required for retroviral modification, has to be established. The establishment of a cell line from a primary neoplasm is not always possible. Furthermore, it is conceivable that a subpopulation of the primary tumor, selected for its capacity to grow in vitro, may not reflect the tumor cell population as a whole, especially because tumors such as glioma are known to be heterogeneous. In addition, the use of tumor cells as the vehicle of cytokine delivery is of concern because the cells themselves may grow into a tumor. Thus, the advantage of using an allogeneic fibroblast cell line
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Cytokine immunogene therapy is that it is reliable, readily available, stably transfected, and not tumorigenic. Like other allografts, the cells are rejected. Furthermore, the number of cells can be expanded, as desired, for multiple rounds of therapy. Additionally the slow, continuous release of cytokines and the eventual rejection of the allograft may be a useful advantage in the treatment of brain tumor cases in which long-term secretion of high concentrations of certain cytokines may be associated with increased morbidity and mortality rates.
TOXICITY AND SURVIVAL OF A CELLULAR
VACCINE The toxic effects of cytokines in the CNS may limit the quantity that can be administered. 4, 21, 36 Neurological effects have been demonstrated in animals injected intracranially with syngeneic cytokine-secreting cells. The coimplantation into the rat brain of syngeneic glioma cells and synergeneic cells modified by retroviral transduction to secrete IL-2 or IFN␥ has been shown to result in shortterm cell-mediated antiglioma responses. However, the survival of the tumor-bearing rats was not prolonged, 42 and the animals died of secondary effects including severe cerebral edema. Most of the systemic toxicities of IL-2 therapy can be avoided by the introduction of the gene for IL-2 directly into the tumor mass, resulting in high local concentrations of the cytokine. This form of treatment is particularly advantageous in primary gliomas, because these tumors usually only recur locally and are rarely metastatic.
The toxicity of a cellular-based cytokine gene therapy for tumors is likely to depend in part on the survival of the genetically modified cells in the CNS. We investigated the survival of an allogeneic IL-2 secreting vaccine in the CNS by two different means. First, polymerase chain reaction analysis was used to detect the presence of the neomycin resistance gene, a component of the modified retrovirus used to modify the cells for IL-2-secretion, in brain sections at various time intervals after implantation (Fig. 4) .
As a second means of assessing the survival of the modified cells in the CNS, we attempted to recover the modified fibroblasts from cultures that were derived from brain sections obtained at various time intervals after implantation. Results of both assays indicated that the period of survival of allogeneic cells in the CNS was less than 28 days (Fig. 5) . Presumably the cells, like other allografts, were rejected. The cells were well tolerated, and no significant neurological toxicity was demonstrated in the animals. 16 This finding suggests that cytokine-secreting allogeneic cells may serve as a useful vehicle for the safe delivery of cytokines into brain neoplasms, and it supports the possibility and safety of using a monthly retreatment schedule in a clinical protocol. Most of the systemic toxicities associated with IL-2 therapy may be avoided by introducing the cytokine gene for IL-2 directly into the tumor mass, resulting in lower local concentrations of the cytokine.
ROUTE OF DELIVERY
Another problem related to gene therapy for CNS tumors has been the determination of the most optimum route of delivery. In recent studies, we compared the effect of direct intracerebral with systemic administration of a tumor vaccine consisting of allogeneic fibroblasts genetically engineered to secrete cytokines; the results obtained using the two injection methods were compared for survival and immune response in mice with glioma or melanoma. 14 We found that only direct intracerebral injection into the tumor bed resulted in significantly prolonging survival, despite a significantly elevated systemic immunocytotoxic response generated against the tumor antigens by 51 Cr release assay in both the subcutaneously and intracerebrally immunized animals.
14 Subcutaneous administration of IL-2-secreting cells in addition to tumor cells was not effective in the treatment of mice with intracerebral glioma or melanoma.
14 This result was somewhat surprising because we observed a significantly elevated systemic immunocytotoxic response by 51 Cr release assay in the subcutaneously immunized animals. Thus immunization by subcutaneous injection was not as effective as injection of the vaccine directly into the tumor bed itself.
One of the major concerns related to the immunological treatment of brain tumors is the effect of the blood-brain barrier on the development of a host immune response in the CNS. Studies in which investigators implanted IL-4-secreting plasmacytoma cells into the brains of nude mice, in addition to human glioma cells, have demonstrated a dramatic eosinophilic infiltrate in regions of necrotic tumor; this finding suggests that an immune response can occur against a tumor of CNS in situ. The response, however, was non-T cell dependent. 45 We found that a specific and significant systemic immunocytotoxic response (as measured by a 51 chromium release assay) was present in mice with an intracerebral glioma treated with allogeneic IL-2-secreting fibroblasts administered directly into the tumor. 15, 24 Thus, the secretion of IL-2 by the cellular immunogen, 44, 46 or an immunogenic derivative of the cells may have altered the blood-brain barrier, enabling the immunogen to reach the spleen and lymph nodes in the periphery. Furthermore, in a recent report the investigator showed that subcutaneous injection of irradiated GM-CSF-transduced glioma cells can induce a potent immune response to intracranial gliomas, both as a vaccination against subsequent intracranial glioma cell implantation and for treatment of established intracranial glioma.
18

CHOICE OF CYTOKINES
In addition to investigating the optimum route of delivery, the most efficacious combination of cytokines is currently being examined. Several laboratories have recently reported their results using GM-CSF alone 18 or in combination with IL-2. 32 Subcutaneous injection of irradiated GM-CSF-transduced glioma cells induced a potent immune response to intracranial gliomas both as a vaccination against subsequent intracranial glioma cell implantation and for treatment of established intracranial glioma. 18 In addition, the combination of IL-2 injected intracerebrally and GM-CSF injected subcutaneously was synergistic. 41 Thus these studies and others suggest that tumor vaccines consisting of tumor antigens in the presence of cytokines may be effective in the treatment of CNS tumors both as a systemic vaccine and administered locally. Certainly the most effective cytokine for the treatment of glioma has not been determined.
We have also investigated whether the use of multiple cytokines may be synergistic. We previously reported that the best antitumor response occurred when fibroblasts were transfected with the genes for both IL-2 and IFN␥. 24 Upon injection of these double cytokine-secreting cells into the tumor bed, there was a markedly prolonged increase in survival time as well as the development of a strong antitumor immunocytotoxic response as measured by a standard 51 Cr release assay. Interleukin-12 has also been reported to be effective in stimulating an antitumor immune response and subsequent prolongation in survival in animals harboring intracerebral tumors. We investigated the effectiveness of using allogeneic fibroblasts genetically engineered to secrete IL-12 alone or in combination with cells engineered to secrete both IL-12 and IL-2 in the treatment of C57Bl/6 mice harboring an intracerebral glioma (Gl261). Cytokine secretion was confirmed by an enzyme-linked immunosorbent assay. We found no prolongation of survival in animals treated with IL-12-secreting fibroblasts alone. However, a markedly prolonged increase in survival (p Ͻ 0.05) was demonstrated in the mice with intracerebral glioma treated with fibroblasts secreting both IL-12 and IL-2 in comparison with control animals in which the glioma was treated with nonsecreting fibroblasts or with media. We also noted a prolongation in survival in the mice treated with IL-2-secreting fibroblasts, although the most dramatic response was noted in those treated with fibroblasts secreting both IL-2 and IL-12. In conclusion these data suggest that allogeneic fibroblasts genetically engineered to secrete both IL-2 and IL-12 are effective in the treatment of intracerebral glioma, but IL-12-secreting fibroblasts alone were not shown to prolong survival in these preliminary studies.
TISSUE-SPECIFIC PROMOTORS
Another challenge for gene therapy is that of tissue specificity and selectivity. Retroviruses are selective as they integrate only into dividing cells, whereas adenoviruses may be advantageous because they can infect nondividing cells. The use of cell type-specific enhancers may add to the delivery efficacy of these viruses as well as their specificity. Because glial fibrillary acidic protein is specific for cells of glial origin and because the majority of primary brain tumors are of glial origin, this is one candidate gene for enhancing tissue specifity. Using genetic engineering techniques, a replication-incompetent adenovirus was constructed containing a fragment enhancer region of the GFAP gene coupled to a tetracycline transactivator. 6 This produced a delivery system that is glial specific and repressible. This type of novel virus delivery system should be useful for a variety of gene therapy approaches for CNS tumors, including the delivery of cytokines, and we enthusiastically await further studies.
CONCLUSIONS
Based on studies conducted in our laboratory as well as the results reported by other investigators, it is likely that immunotherapy with cytokine-secreting tumor vaccines in combination with traditional surgery, radiotherapy, and chemotherapy would provide improved treatment in eliminating a greater proportion of the tumor cell population
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Cytokine immunogene therapy and prolonging life for patients with malignant intracerebral tumors. Tumor vaccines in which cells are genetically engineered to secrete cytokines and other immunoregulatory molecules as a means of targeted immunogene therapy are one of the most promising new treatments for intracerebral malignant tumors.
